ABSTRACT. Lamb modes exhibit a resonant behavior at frequencies where the group velocity vanishes while the phase velocity remains finite. This type of zero group velocity (ZGV) point exists in most isotropic materials at the minimum frequency-thickness product of the first order symmetric (S 1 ) Lamb mode. Laser sources couple efficiently into this resonance and a sharp peak is observed with source and receiver on epicentre. A model for the laser generation of ultrasound in thin plates using an amplitude modulated laser source is presented. Lamb wave displacement spectra are measured using an amplitude modulated laser source for excitation and a Michelson interferometer coupled to an RF lockin amplifier for detection. The displacement spectra of Lamb waves generated in micron scale plates show good agreement with theoretical predictions. Experimental results are presented demonstrating excitation of the S 1 ZGV resonance in a 4μm thick membrane using a high frequency (700 MHz) amplitude modulated laser source. Subsurface features below the membrane are detected by tracking the S 1 ZGV resonance peak as the sample is scanned.
INTRODUCTION
Lamb waves are frequently employed in the ultrasonic characterization of thin plates. Among the techniques for exciting and detecting Lamb waves, laser-based ultrasonics is particularly attractive due to the fact that remote measurements can be made without the need for a coupling media [1, 2] . A variety of laser ultrasonic approaches have been proposed and demonstrated in the literature, and the vast majority of these use the dispersion characteristics of Lamb waves to extract the mechanical properties or thickness of a given plate [3] [4] [5] [6] [7] [8] [9] . In the simplest case, a pulsed laser source focused to a point or line can be used to excite broad bandwidth Lamb waves that are detected after a given propagation distance using an optical interferometer or knife edge detection scheme. More complex systems can be used to excite Lamb waves of a given wavelength by patterning the excitation source on the sample surface. The interference of two laser sources, creating a sinusoidal intensity pattern on the sample surface, can be used to launch Lamb waves with wavelengths matching the period of the interference [7, 8] . The laser source may also be scanned over the sample surface to preferentially launch Lamb waves with a phase velocity matching the velocity of the excitation source [9] . In all of these cases, the phase velocity is measured as a function of frequency to extract material property information, and a moderate propagation distance (depending on the frequency and plate characteristics) is required to measure the velocities with sufficient accuracy.
Recently, Prada et al. [10] demonstrated a new approach to laser based plate inspection that allows for local measurements of the elastic properties or thickness. An amplitude modulated laser source is used to excite Lamb waves at a particular frequency and a path stabilized Michelson Interferometer, coupled to a lock-in amplifier, is used for detection. It was shown that a laser excitation source generates a high amplitude resonance at the minimum frequency of the first symmetric Lamb mode, where the group velocity of the mode goes to zero while the phase velocity remains finite. Clorennec et al. [11, 12] also reported on the generation of the S 1 -ZGV resonance using a pulsed excitation laser and optical detection of the resonant response in the time domain. It was shown that the S 1 -ZGV resonance has a remarkably high quality factor at MHz frequencies in aluminum, and can be used for mapping nanometer scale thickness variations in thin plates as well as for the local measurement of materials properties. In addition to laser-based excitation of the S 1 -ZGV resonance, Holland and Chimenti demonstrated that the S 1 -ZGV resonance could be used for the air-coupled ultrasonic inspection of plates [13] . A strong transmission of air-coupled ultrasound at the resonance frequency was observed and used for imaging thickness variations in millimeter scale plates. Gibson and Popovics also demonstrated that the S 1 ZGV resonance is observed in concrete during impact-echo testing [14] .
In this paper, the origin of the resonance that occurs at the S 1 -ZGV is discussed. A model for the laser generation of ultrasound in plates using a modulated laser source is presented and used to study the plate response in the vicinity of the S 1 ZGV frequency. Theoretical results showing the displacement spectrum of thin plates are compared to experimental measurements. Finally, experimental measurements on a 4 μm thick membrane demonstrate that the S 1 -ZGV resonance can be used to detect subsurface features below the membrane by tracking the resonance peak as the sample is scanned.
BACKGROUND
A phase velocity dispersion curve showing the first few modes in an aluminum plate is shown in Figure 1 . The longitudinal and shear wave velocities were taken as 6.42 mm/μs and 3.04 mm/μs, respectively. The lowest order symmetric (S 0 ) and antisymmetric (A 0 ) modes originate at zero frequency, while all higher modes originate at a cut-off frequency associated with either the longitudinal or shear wave velocity of the plate and the plate thickness. At the cut-off frequencies, labeled f R in the Figure 1 , the entire plate surface oscillates in phase leading to an infinite phase velocity, and the group velocity vanishes. The plate vibrates in longitudinal or shear thickness resonance. In addition to the cut-off frequencies, a resonance is also observed at the minimum frequency of the S 1 mode, labeled f ZGV in Figure 1 . Figure 2a shows a phase velocity dispersion curve for a 50 μm thick aluminum plate zoomed in to focus on the S 1 mode. The group velocity dispersion curve, where the group velocity c g = dω/dk, is shown in Figure 2b . The group velocity is seen to pass through zero at both the thickness mode shear resonance (f R ) and the minimum frequency of the S 1 mode (f ZGV ). The phase velocity dispersion curve for the S 1 mode appears to be double valued over a limited frequency range in the vicinity of f ZGV. The upper branch of this curve, labeled S 2b , is considered to belong to the S 2 mode [15] [16] [17] . The subscript b indicates that it is a backward propagating wave, where the phase and group velocities are of opposite sign, and thus the wave vector is opposite to the direction of propagation of the acoustic energy. Backward propagating Lamb waves have been observed in shells and discussed in the literature [17] . In the vicinity of S 1 -ZGV resonance frequency f s1 , the absolute values of the phase velocities of the forward propagating mode S 1 and the backward propagating mode S 2b are equal and the group velocities approach zero. At f ZGV, the interference of these waves creates a standing wave on the plate surface leading to the S 1 -ZGV resonance. Note that this type of resonance also occurs for some higher order modes, and a detailed discussion of the modes that exhibit ZGV behavior in plates with given mechanical properties has been presented in the literature [18] .
THEORY
The theory of pulsed laser generation of ultrasound in plates has been detailed in the literature [19, 20] . In this section, an outline of the theory used to predict the steady state response of thin plates to an amplitude modulated laser excitation source is given. The case of a linear, isotropic plate subjected to a sinusoidally modulated laser source is considered. It is assumed that the laser energy is absorbed on the material surface. The absorbed energy is converted to heat, producing a temperature gradient in the material. The temperature rise is obtained through the solution of the thermal diffusion equation given by:
where T is the temperature rise above ambient and κ is the thermal diffusivity of the plate material. The solution to the heat equation is subject a zero heat flux boundary condition at the bottom of the plate. The laser source heats the top surface of the plate leading to the following boundary condition:
where K is the thermal conductivity, Q is the absorbed optical power at the material surface defined in terms of the peak power Q 0 , f(r ) is the spatial distribution of the laser source, and g(t) is the temporal profile. The spatial distribution f(r) is represented by a Gaussian function, where r is the radial distance from the center of the laser spot, and R is the radius at the 1/e intensity point of the laser source. The temporal profile g(t) is represented by a harmonic function expressed in terms of the angular excitation frequency ω 0 and time t.
The elastic displacement field U produced by laser heating is obtained from the solution to the thermoelastic wave equation:
where ρ is the material density, ζ is a constant given by, ζ = α T (3λ + 2μ), λ and μ are the Lamé elastic constants, and α T is the coefficient of linear thermal expansion. The source term in the elastic wave equation, ζ∇T, is associated with the volumetric thermal expansion of the heated region in the plate. Equations 1-3 are solved using the integral transform technique. A cylindrical coordinate system is used and the displacement field is decomposed into scalar and vector wave equations. A Hankel Transform is taken with respect to the radial coordinate and a Fourier transform is taken with respect to time. The resulting equations are solved for the normal and radial components of displacement in the transform domain, subject to traction free boundary conditions at the plate surfaces. The magnitude of displacement as a function of excitation frequency is found by numerically inverting the Hankel transform.
A representative theoretical result showing the magnitude of the normal displacement produced by a sinusoidally modulated laser source in an aluminum plate is given in Figure  3 . The thickness of the plate is 50 μm and the longitudinal and shear wave velocities are FIGURE 3. Theoretical out-of-plane displacement spectrum calculated on epicenter for a 50μm thick aluminum plate. 6 .42 mm/μs and 3.04 mm/μs, respectively. The laser spot size radius is taken as 70 μm and the displacement is calculated on epicenter on the same side of the plate as the source. Within the frequency range of the displacement spectrum, two magnitude peaks are observed at frequencies corresponding to a shear thickness resonance, labeled A 1 SH, and the S 1 -ZGV resonance. The first shear thickness resonance occurs at a frequency of c t /2l, where c t is the shear wave velocity and l is the plate thickness. Careful inspection of Figure  3 also reveals a small peak at 64.2 MHz, corresponding to the longitudinal thickness resonance associated with the cut-off frequency of the S 2 mode. It is clear that the S 1 -ZGV resonance peak dominates the displacement spectrum. The enhanced coupling of the laser source into the S 1 -ZGV resonance, over that observed for the thickness mode resonances, is consistent with the experimental results of Prada et al. [10] . It is also in general agreement with the theoretical work of Liu et al. [21] where it was shown that the S 1 -ZGV peak is prominent for shear-loaded plates.
EXPERIMENTAL SETUP
The experimental setup is shown in Figure 4 . The excitation laser source is a electroabsorption modulated diode laser with a wavelength of 1550 nm. The laser output is amplifier to a peak power of 1W with an erbium doped fiber amplifier (EDFA). The output of the EDFA is collimated and sent to the sample surface through a pair of relay lenses followed by a long working distance objective. A gimbal scanning mirror, placed directly before the relay lenses, is used to control the position of the excitation source on the sample surface. The maximum power of the excitation laser reaching the sample surface is 500 mW. The minimum diameter of the laser source on the surface is approximately 4 μm at the full-width-at-half-maximum (FWHM).
The signals are detected using a path stabilized Michelson interferometer. A frequency doubled Nd:YAG laser operating at 532 nm is sent to the interferometer through a single mode optical fiber. A beamsplitter divides the laser into a signal beam, directed to the sample surface, and a reference beam. The signal beam is sent through the same long distance objective as the excitation beam and the reflected light is collected and sent to a photodetector. The reference beam is directed to a reference mirror mounted on a piezoelectric actuator, and the reflected light is delivered to the photodetector. The reflected signal and reference beams interfere at the photodetector producing an intensity change that is proportional to the sample surface displacement. The combined optical power of the reference and signal beams delivered to the photodetector is 3 mW. The optical path length difference between the reference and signal beams is adjusted to quadrature using an active stabilization circuit. The output of the photodetector is sent to a vector network analyzer (VNA). The VNA also provides the drive signal for the electroabsorption modulated excitation laser source.
RESULTS AND DISCUSSION
The magnitude of the epicentral surface displacement measured in aluminum plate with a reported thickness of 38 μm is shown in Figure 5 over the 60-200 MHz frequency range. Measurements were taken in steps of 0.3 MHz. The generation laser spot size was approximately 12 μm at the 1/e intensity point. One can observe both the S 1 -ZGV resonance and the A 2 SH shear thickness resonance in this plot. Also shown in Figure 5 are two theoretical magnitude spectra curves labeled Theory 1 and Theory 2. In Theory 1, the longitudinal and shear wave velocities of rolled aluminum were used, and the plate thickness was assumed to be equal to the nominal value of 38 μm. It is seen that the frequencies of the resonance modes excited by the laser source are shifted compared to the experimental data. In Theory 2, the plate thickness was used as a free parameter in the calculation and was obtained from the frequency of the A 2 SH resonance peak given by f = 3c t /2l. A plate thickness of approximately 35 μm gives close agreement in the position of the thickness mode and ZGV peaks. Note the general agreement between the calculated and measured magnitude spectra.
Experiments were also performed on an aluminum membrane with a nominal thickness of 4 ( 10%) m μ ± . The membrane was supported on a nickel mesh, fixed to the membrane by a thin layer of adhesive. The distance between adjacent nickel bars was 350 μm and each bar was 20 μm wide and 5 μm thick. Figure 6 (left) shows the magnitude spectra measured at a position in the membrane far from the supports. The S 1 -ZGV resonance was observed at a frequency of approximately 698 MHz. The resonance could be detected using a generation laser power as low as 100 mW. The quality factor (Q) of the measured S 1 -ZGV resonance is approximately 350. Owing to the high Q, the S 1 -ZGV resonance can potentially be used to detect minute changes in the properties or thickness of micron scale membranes. Figure 6 (right) is a color map image of the magnitude spectra obtained as the sample was scanned in 10 μm steps. The locations of two mesh bars below the membrane are clearly visible in the image. There is a pronounced reduction in the magnitude of the resonance at these locations, resulting from damping effects arising from the adhesive material and coupling to the supports. In addition, the width of the resonance spectra measured close to the mesh bars appear to be broadened. While it has been demonstrated that the S 1 -ZGV resonance can be used to detect micron scale defects or subsurface structure in thin plates and membranes, additional work is needed to quantify the spatial resolution that can be achieved using this imaging approach.
CONCLUSIONS
A model for the generation of elastic waves in plates using an intensity-modulated, continuous wave laser source is developed and used to study the behavior of the S 1 -ZGV resonance. Experimental results in an aluminum plate show good agreement with theoretical predictions. Experimental results are presented demonstrating excitation of the S 1 ZGV resonance in a 4μm thick membrane using a high frequency (700 MHz) amplitude modulated laser source. Subsurface features below the membrane are detected by measuring the S 1 ZGV resonance peak as the sample is scanned. The resonance is sensitive to small changes in membrane structure and thickness and may find potential application in the characterization of micron scale materials. Further work is needed to quantify the spatial resolution that can be achieved using this approach. FIGURE 6. Displacement spectrum measured in a 4mm thick aluminum membrane showing the S 1 -ZGV peak (left) and an image of displacement spectra taken across the supported membrane (right). The resonance peak vanishes in the vicinity of the sub-surface supports.
